Abstract -In this paper, a battery charger is introduced for an interleaved DC-DC converter with an LCLC filter. To improve the overall performance of the DC-DC converter for battery charger, a method is proposed. First, the structure of the system is presented. Second, an LC filter is compared to an LCLC filter in terms of the response characteristics and size. Third, the small-signal model of a bidirectional DC-DC converter using a state-space averaging method and the required transfer functions are introduced. Next, the frequency characteristics of the converter are discussed. Finally, the simulation and experimental results are analyzed to verify the proposed state space of the bidirectional converter.
Introduction
Recently, industry development has led to a steady increase in pollution that has become a serious global problem. For this reason, many research activities in the energy storage system (ESS) have been conducted [1] [2] [3] . The charge-discharge system, one of the ESSs, must ensure stability because it is connected to the battery [4, 5] .
In hybrid electric vehicles and rail-guided shuttles, electric power distribution systems operate at different voltage levels owing to the availability of storage devices. Electric motors for traction and fuel cells are connected to a high-voltage bus, whereas batteries and ultracapacitors are mostly connected to a low-voltage bus [6, 7] . A bidirectional DC-DC converter allows transfer of power between two DC sources in either direction. It can reverse the direction of the current flow and thus, the power flow, while keeping the voltage polarity of both source ends unchanged [8] . The charge-discharge current directions change from time to time to perform power conversion. Therefore, the dynamic analysis and control design of a DC-DC converter are very important in improving the performance of the converter system [9] [10] [11] [12] .
Since small current ripple are not needed in the general charge-discharge system, the requirement can be satisfied with only an LC filter. However, in the case where the internal resistance of the battery and the required current ripple are small, a large-sized filter is required when electrolytic capacitors are used to comprise the LC filter to satisfy the ripple current. If a film capacitor is used, the filter size can be reduced, but it suffers from a problem of increased cost compared with electrolytic capacitors. Also, achieving the low current ripple by using an LC filter causes the slower response characteristics due to the increase of capacitance. For this reason, this paper introduces the LCLC filter, adding the inductor and capacitor to the LC filter, which can reduce the filter size and have the fast response characteristics.
To satisfy the required current ripple of the battery (5 mA) and response time (10 ms), as listed in Table 1 , this paper presents an LCLC filter design and a dual proportionalintegral (PI)-based control. The dual controller is able to reduce the inner current overshoot by controlling the current flowing through the inner inductor. This will protect the inner circuit. Also, the dual controller has a fast response characteristic when designing large bandwidth in inner controller. The dual current controller consists of two loops from the current of the outer inductor and the output current from the LCLC filter. In this paper, to design a controller for the bidirectional converter, state-space averaging method is used. The averaging techniques provide analytical foundation for most power electronic design procedures at the system level. For pulse-width modulated (PWM) DC-DC converters, the two most popular approaches are the state-space averaging method [13] [14] [15] and the circuit average method [16] [17] [18] [19] . The state-space averaging method is the most popular approach for modeling of the DC-DC switching converters. State-space averaging and small-signal linearization are key steps in modeling the DC-DC converter. The small-signal transfer functions of nonlinear PWM DC-DC converters are a useful tool for controller design and for better understanding of the circuit performance [20] . In the current study, a control model using the state-space averaging method is designed. The state-space averaging method uses this feature to derive the small-signal averaged equation of the PWM switching converters. The advantage of the state-space averaging method is that the results can be generalized. In other words, given a state equation in the original form, the small-signal average model can be obtained [21] .
This paper proposes a method to improve the overall performance of the system and is organized as follows: Section 2 presents the design of LCLC filter and control principle of the bidirectional converter. The transfer functions of the interleaved converter with an LCLC filter are derived by using the state-space averaging method. And the design of the dual-loop current controller using the PI controller and the frequency characteristics of the bidirectional converter using the bode plot are discussed. The proposed control model is verified using the PSIM simulation and experiment using a 15-kW battery chargedischarge system, as discussed in Section 3 and 4.
Proposed Improvement Method
To improve the performance of DC-DC converter for battery charge-discharge system using a conventional LC filter, this paper newly proposes the improvement method. The performance improving method is composed of two parts which are hardware parts, such as power conversion structure and LCLC filter, and software parts, such as a dual controller design using state-space averaging method and frequency characteristics. The proposed bidirectional DC-DC converter system is shown in Fig. 1 .
Fig. 1. DC-DC converter system

Interleaved model
A multi-level DC-DC converter with a small voltageunbalanced condition is used in this study. The battery charge-discharge system uses the interleaved method to reduce the ripple of the input current between the battery and the converter and to increase the efficiency. In addition, the capacitance and size of the converter are reduced. In the interleaved switching, the rated voltage of the switch is lower than that of the two-level switch by V DC /2 and has twice more effect than the switching frequency.
The DC-DC converter operation is shown in Table 2 and Fig. 2 . When the DC-DC converter does not operate interleaved switching, the operating mode of the DC-DC converter is divided in to Mode 1 and Mode 4. The upper switches which are S D1 and S D2 operate complementary to each other. The lower switches which are S D3 and S D4 also operate complementary to each other. As shown in Table 2 , the converter output voltage has only two voltages which are V DC and 0. However, when the DC-DC converter operate interleaved switching, the operating mode of the DC-DC converter has four modes which are Mode 1, Mode 2, Mode 3 and Mode 4 in Fig. 2 . Also, the output voltage of converter is three types: V DC , V DC /2 and 0. Fig. 3 shows waveforms which are carrier, switch signals and line to line voltages depending on the duty. The carrier signal of upper switches and lower switches have a phase difference of 180 degrees in interleaved switching. Comparing carrier A to duty determines the operation of the upper switch signals. As same manner, comparing carrier B to duty determines the operation of the lower switches.
The proposed interleave switching is divided into two modes of operation depending on the duty cycle. First, when the duty is greater than 0 and less than 0.5, the DC-DC converter operates in Mode 2, 3 and 4 by interleaved switching. At this time, the line to line voltage is 0 or V DC /2. Second, when the duty is greater than 0.5 and less than 1, the DC-DC converter operates in Mode 1, 3 and 4 by interleaved switching. As shown in Fig. 3 (b) , the line to line voltage is V DC /2 or V DC .
Filter design
LCLC filter is able to reduce the size of the filter and improve the response characteristics. The reason for using the LCLC filter, there are other filters, but LCLC filter is the simplest hardware compared to the LC filter. LCLC filter which is the form with adding L and C to LC filter. To reduce the current ripple, inductor was added. And capacitor was added to the output stage because voltage of DC-DC converter must be controlled same as the output voltage of the battery before connecting the battery.
The LCLC filter is composed of outer inductor L 1 , outer capacitor C 1 , inner inductor L 2 , and inner capacitor C 2 . The internal resistance of the battery must consider the current ripple that flows through the inner capacitor to reduce the current ripple that flows through the battery. R C1 , R C2 , and R B are the internal resistances of the outer capacitor, inner capacitor, and battery, respectively. The internal resistance of the battery changes according to the state of chargedischarge, but it is modeled as an average value.
For the filter design, an inductor defines the magnitude of the ripple current that flows in the inductor, and a capacitor defines the magnitude of the output ripple current according to the ratio of the internal resistance of the capacitor and the internal resistance of the battery. It can be expressed as follows:
For this reason, the internal resistance of the battery and of the capacitor is related to the filter characteristics.
The capacitor voltage changes proportional to the quantity of electric charge flowing in the capacitor. The proportional coefficient, which is 1/C, a large quantity of electric charge is needed to obtain the same amount of voltage variation as the capacitor becomes larger. Therefore, the output response characteristic becomes slower as the quantity of the capacitor becomes larger. Assuming the initial voltage of capacitor is zero, the quantity of electric charge is an integral of the current, it can be expressed as follows:
When the filter is designed considering the conditions of (1) and (2) , if the size of the output capacitor of the filter is increased, the internal resistance of the output capacitor decreases, and the filter can reduce more ripples. However, this results induces slow response characteristics of the system. If the size of the output capacitor is small, the internal resistance of the capacitor is larger, the current ripple flows through the battery. For this reason, the LC filter suffers from the limitations of its filter design with a small ripple. In this study, by adding another LC to the LC filter, an LCLC filter is obtained to reduce the size of the filter. The filter design based on the Bessel filter has a maximum flat delay response for control stability. First, an LCLC filter can be designed as follows. The current ripples at the outer inductor side and the battery side are designed to be 2 A and 5 mA, respectively. In case of the internal resistance of the battery is 324 mΩ, the result of the LCLC filter design is listed in Table 3 . Next, when designing an LC filter, it is designed to be similar to the LCLC filter design where the ripple current that flows at the outer inductor at 2 A. The capacity of a capacitor is designed considering the internal resistance of the battery and the internal resistance of the capacitor. The result of the LC filter design is shown in Table 3 .
By comparing the size and the dynamics of the LCLC filter and the LC filter using the design value, it is as follows. By comparing the inductor size of the two filters, 120 µH is used more as the outer inductor, and since it is the smaller size, there are no difference.
By comparing the capacitor, since the LC filter has larger capacitance, it is about twice as much larger than the LCLC filter. By comparing the total filter size, the LCLC filter is 1657.3cm 3 and the LC filter is 3501.1 cm 3 which shows that the size of the LCLC filter is about 47.3% to that of the LC filter. The comparison result of each size is shown in Table 3 . Next, by comparing the dynamics of the LCLC filter and the LC filter, if the same current control is performed by implementing each of the designed filter value, the response characteristics is shown as Fig. 4 .
The red line in Fig. 4 shows the result that shows the variation for the reference current from -10 A to 10 A at 0.3 s in the LCLC filter circuit. The blue line in Fig. 4 shows the result when the same reference current is applied in the circuit that use the LC filter. By comparing the two results, the settling time of the current of the blue line in Fig. 4 lags 0.1s behind redline in Fig. 4 . Even though the ripple current that flows through inductors in the LCLC filter and in the LC filter are identical, which makes the same amount of electric charge to flow into the output capacitor and the battery, the two waveforms show some difference due to the difference of the output capacitance. As shown in (2) , in the case of the LCLC filter, the output capacitance is small which makes the voltage to be easily changed with the low electric charge; on the other hand in the case of the LC filter, due to the fact that the output capacitance is large, the variation of the voltage occurs slower than the LCLC filter if the identical quantity of electric charge is absorbed. Since the output voltage changes slowly, the response characteristics of the output current can become slower as well. For this reason, this paper proposes the controller design that uses the LCLC filter which reduces the size while possessing the fast response characteristics.
State-space averaging method
The state-space description is a canonical form of writing the differential equations that describe a system. In the linear network, the derivative of the state variables can be expressed as a linear combination of the independent input of the system and the state variables themselves [18] . The state-space averaging method is based on the consideration of two different mathematical models and produces only one model with the same properties of each model. These two models are based on the switching states.
To derive the proper dynamic equation of the bidirectional 
.
State vector x is a vector containing all the state variables, which are the inductor currents and capacitor voltages. Input vector u contains the independent input parameters to the system, which are the DC-link and battery voltages. Vector y, which is an output vector, can be freely selected. In this system, to model the current flowing through the battery, the system requires the battery-side current. Therefore, output vector y sets the current equation on the battery side. The state vectors are as follow:
In the system, the applied switch mode is determined by the output voltages. Therefore, modeling according to the ON/OFF states of the switches, such as the two-level system, is impossible. Thus, to distinguish the two switching states, the switching state that produces a relatively high voltage is termed as "HIGH," whereas the switching state that produces a low voltage is termed as "LOW."
The modeling must be classified into two cases: when the battery voltage is smaller than half of the DC-link voltage and when it is larger than half of the DC-link voltage. When the battery voltage is smaller than half of the DC-link voltage, the output voltage is produced by applying two capacitor voltages and a zero voltage; the HIGH-switching state corresponds to Modes 2 and 3 in Fig. 2 , whereas the LOW-switching state corresponds to Mode 4. When the battery voltage is larger than half of the DC-link voltage, the output voltage is produced by applying the DC-link voltage and two capacitor voltages; the HIGH-switching state corresponds to Mode 1 in Fig. 2 , whereas the LOW-switching state corresponds to Modes 2 and 3 in Fig. 2 . This study deals only with the case where the battery voltage is smaller than half of the DClink voltage.
Because the circuit is connected in different manners according to the states of the switches, the matrix of each state equation must be defined into two states in such a manner that each state can be described by A 1 , B 1 , C 1 , and E 1 and A 2 , B 2 , C 2 , and E 2 .
When the switching state is HIGH, the inductor currents, capacitor voltages, and output battery current are expressed as
These equations can be written in the following statespace form when the switching state is HIGH:
The state-equation matrices are expressed as (13) (shown in the Appendix).
When the switching state is LOW, the inductor currents, capacitor voltages, input DC voltage, and output battery current are
These equations can be written in the following statespace form when the switching state is LOW:
The state-equation matrices are expressed as (21) (shown in the Appendix).
The two switching state-equations are averaged using the duty ratio as a weighting factor. When the switching state is HIGH, (11) and (12) are multiplied by the HIGH duty ratio d 1 ; when the switching state is LOW, (19) and (20) 
To derive the DC model, the DC terms are set to zero. The state-space averaged model that describes the converter in equilibrium is expressed as
where the averaged matrices are expressed as (26) (shown in the Appendix). Eqs. (24) and (25) can be solved to find the equilibrium state and output vectors, which are expressed as (27) and (28) (shown in the Appendix). The DC model yields the DC information (steady-state behavior) and can be used for the loss estimation.
To construct a small-signal AC model at a quiescent operating point, each vector is composed of the equilibrium DC components and AC variations.
Here, X, Y, U, D 1 , and D 2 are the equilibrium DC components in the quiescent operating point, and x , ŷ , û , 1 d , and 2 d are the small AC variations. By assuming that the small AC variations are much smaller than the DC components, the nonlinear converter equations can be linearized. The substitution of (22) and (23) into (29) yields the following:
To obtain the AC model (small-signal) equation, we neglect the nonlinear product terms ˆd x ⋅ and ˆd u ⋅ . The AC model equations are expressed as (32) and (33).
The A, B, C, and E terms are same as those in (26) (shown in the Appendix).
We transform the AC state-space model into the frequency domain (Laplace transform and s-domain). The hats above the variables are neglected for simplicity. The small signal of a variable is denoted using a lower-case letter. The dynamic equations are as follows:
The Laplace transform of (36) 
The substitution of (5) 
The substitution of (39) into (43) yields the following:
From (44) and (45), we can derive the following:
The substitution of (5) into (45) yields the following transfer functions shown in matrix form:
Eq. (46) indicates that matrices G u (s) show the transfer functions of the independent input-to-battery current (i B ). Matrix G d (s) shows the transfer functions of the controlto-battery current. In this paper, the double-loop current controller composed of the inner and outer current controllers is presented. The transfer function of the outer current controller is H d1 (s), which is the first row of matrix H d (s) because the outer current controller controls the current flowing through the outer inductor. The internal resistance of the battery and capacitors are considered for designing accurate controller. When designing the current controller, internal resistances have an influence on current control. For this reason, internal resistances must be considered in designing the current controller. The transfer function of the outer current controller is H d1 (s) and is expressed as (49). The transfer function of the inner current controller is G d (s) and is expressed as (50).
Dual current controller
The controller is designed as a dual current controller, which can operate stably on the basis of the calculated transfer function using the state-average equation. Fig. 5 shows that the dual current control method can be composed by adding the outer current controller to the inner current controller. In designing the controller, we first design it as an inner current controller, which is not affected by the switching frequency. We also design it to have an adequate phase margin. The outer current controller is composed by adding the outer current controller to the inner current controller, and we design the crossover frequency so that the inner current controller is not affected.
The block diagram of the DC-DC converter system is shown in Fig. 6 . Using the state-space averaging method, a stable dual current controller can be designed. The block diagram of the converter system is composed of the battery current (i B ), duty cycle (d) which is 'ON' time of switch S D1 and S D4 in Fig. 2 , outer inductor current (i L1 ), transfer function of the control-to-battery current (G d (s) ), transfer function of the control-to-outer inductor current (H d1 (s)), PI controller of the outer current (C d (s)), and PI controller of the inner current (C d1 (s)).
The received reference battery current passes through the PI controller. The inner current controller receives the reference current from the outer current controller as an input. Then, the inner current controller determines the duty. The duty passes through the transfer function, and the system finally outputs the battery current.
The dual current controller needs two transfer functions: control-to-outer inductor current and control-to-battery current. H d1 (s) and G d (s) can be calculated by (47) and (48) (shown in the Appendix).
The proposed current controller uses a dual current controller in the battery charge-discharge system. Using the dual current controller increases the complexity of the controller design but yields fast dynamic characteristics owing to the large bandwidth. The dual current controller process is described as follows: initially, the current control loop, which is an inner loop, is designed. While the stability of the controller is maintained, the battery current controller is designed as the outer loop to realize the required performance.
To verify the dynamic response of the designed controller, the frequency characteristics are analyzed. The frequency characteristics for the open-loop transfer function obtained in (41) and (47) are analyzed. The parameters of the system are listed in Table 4 . Fig. 7 shows the frequency characteristic of the inner current controller. The red line shows the bode plot of H d1 (s). As shown in Fig. 7 , the H d1 (s) transfer function characteristic is stable, but the cross frequency is 20 kHz, which is too high to be affected by the switching ripple. For this reason, by adding PI controller C i (s), the system can obtain the required characteristics. The blue line shows the bode plot of H d1 (s) multiplied by C d1 (s). The system design of the phase margin is 88°, and the crossover frequency of 2 kHz does not affect the switching frequency.
Output current is affected by the internal resistance of the battery and the output capacitor. For this reason, the internal resistance of the battery of the transfer function should be included. The internal resistance of the battery varies depending on the charging state of the battery. However, even if there is changing of the internal resistance of battery, the stability of DC-DC converter system must be maintained. For this reason, when there is a changing in the internal resistance of battery, the stability of the inner current controller was verified. In this paper, the changing of internal resistance of battery was set to 30%. The green dotted line shows the result of frequency Fig. 7 , even if the internal resistance of the battery is changed, the stability of inner current controller was maintained. Fig. 8 shows the frequency characteristics of the outer current controller. The red line shows the bode plot of G d (s). As shown in this figure, the G d (s) transfer function characteristic is stable, but the cross frequency is almost 0 Hz, which is too small for fast response characteristics. Therefore, by adding PI controller C d (s), the system can obtain the required characteristics. The solid line shows the bode plot of outer controller multiplied by C d (s). To obtain a stable operation, the system must have not only a sufficient phase margin but also a gain margin in the region so that it cannot be affected by other control frequencies. For these reasons, the system design of the phase margin is 73°, and the crossover frequency of 200 Hz does not affect the inner current controller. Similar to Fig. 7 , the green dotted line shows the result of frequency characteristic in case of 30% increasing of internal resistance of battery. The yellow dotted line shows the result of frequency characteristic in case of 30% decreasing of internal resistance of battery. In case of changing the resistance of the battery, the stability of the outer current controller was verified through the bode plot.
Simulation results
To confirm the validity of the proposed algorithm, a simulation was performed using the PSIM software, performed under the conditions listed in Tables 3 and  Table 4 .
The system switches twice in one period because of the interleaved switching. The response time must be under 10 Inner inductor 6.6 mH L 2 Outer inductor 120 µH C 1 Inner capacitor 2.26 mF R C1 Internal resistance of C 1 58.7 mΩ C 2 Outer capacitor 470 µF R C2 Internal resistance of C 2 282 mΩ Fig. 9 . Simulation result of transient response depending on current change from -10 to 10 A when using LCLC filter ms. In addition, the current ripple of the outer inductor must not be more than 2 A, and the current ripple of the battery should not be more than 5 mA. Fig. 9 shows the simulation result that shows the variation for the reference current from -10 A to 10 A when using LCLC filter circuit. The blue line in Fig. 10 shows the simulation result when the same reference current is applied in the circuit when using LC filter. By comparing the two results, the settling time of the battery current in Fig. 9 is 8 ms but settling time of battery current in Fig.  10 is 1 s. As described in Section 2, the difference of settling time of the battery current is generated by the difference between the capacitance of LCLC filter and LC filter. The output capacitance of LCLC filter is much smaller than the output capacitance of LC filter which makes the voltage to be easily changed. Since these reasons, the response characteristics of the output current can become slower. Fig. 11 shows the simulation result when the current reference changes from 10 to -10 A in the LCLC filter circuit. Fig. 12 shows the simulation result when the same reference current is applied in the circuit when using LC Fig. 13 shows the current ripple of the outer inductor and the output voltage of the DC-DC converter. The upper line shows the current ripple of the outer inductor. The lower line shows the output voltage of the DC-DC converter. We Fig. 11 , we can see that switching is performed twice during one period, and the output voltage is produced by applying the two capacitor voltages and the zero voltage. The current ripple of the battery is within 5 mA, as designed.
Experimental results
The bidirectional DC-DC converter battery chargedischarge system is shown in Fig. 15 . The proposed method is programmed on a TM320F28346 digital signal processor. The experimental conditions are the same as those in the simulation. Fig. 16 shows the experimental results when using LCLC filter that shows the variation for the reference current from -10 to 10 A. And Fig. 17 show the experimental results when same as current control in LC filter is performed. By comparing the case of when using LCLC filter and LC filter, the settling time in Fig. 16 is 8ms but the settling time in Fig. 17 is 1 s in the same current ripple condition. These are the same results that were confirmed through the simulation in Section 3. Fig. 18 shows the experimental result when the current reference changes from 10 to -10 A in the LCLC filter circuit. Fig. 19 shows the experimental result when the same reference current is applied in the circuit when using LC filter. The yellow line shows the battery current; when using LCLC filter, the settling time in Fig. 18 is 8ms but when using LC filter, the settling time in Fig. 19 is 1 s. The experimental results show that LCLC filter has the faster response characteristics than LC filter on both the rising period and falling period of the battery current. Similar to the simulation result, we can see that switching is performed twice during one period, and the peak-to-peak value of the current ripple is within 2 A. The output voltage is produced by applying the two capacitor voltages and the zero voltage. Fig. 21 shows the current ripple of the battery and the output voltage of the DC-DC converter. The upper line shows the current ripple of the outer inductor. We can see that switching is done twice during one period, and the current ripple is within 5 mA, as designed.
Conclusion
This paper has presented the method to improve the performance of the charge-discharge system that uses the LCLC filter. In the general battery charge-discharge system using LC filter, in case of the internal resistance of the battery and requested current ripple is small that induce the larger size of the filter. To solve this problem, this paper presents the system using interleaved switching and LCLC filter which reduces the size while possessing the fast response characteristics.
The simulation results show that the system using the frequency characteristics is stable and satisfies the required dynamic characteristics and current ripples. The effectiveness of the designed controller and the LCLC filter was verified by the experimental results. 
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